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The potontial of somplomonting pletorlal data with the stiedy of tho time Lohavior of .
quantified fadiation from & target elomont i explored.  To dute, mewt studles of remoto
witrfaces hiave boon -evorely restristed to visual Impressionis from Iindges; partieulasly in the
visible wavelongtio, Temporal dnalysls of the quantity, polatization, and spostral disteibu.
tion of tho elogtromngnetio Hux from ench dlomerit during a transiont oycle promises inforns-
toh boyond the resolution of the viewing systom,

Laboratory anlogs and theoretieal modols e usad o Hllustrate the way that lunar
photdmetris, polarimetrls; and mdiometels duts oan be torrelated with roughness, porosity,

bearitg strength, internal Beat 80lECeR, 0te, B

urvoyor data are used In order to verify the

correlations and tw resvlvo sore ambiguitles, Tt Is shown that Earth-based, high-fesolution
obstrvations of thy diurnal bohavior of the Junar surface at optical and Infrared wavelungths
could supplement Ofbiter photographs arid lead to the discovesy of sultable landing sites

scarch and postreconmialssation ground truth

schising steateRy ls strcised,

INTRODUCTION

At the present time the consensus is that
orbital reconnaissance of terrestrial and extra-
torreatrial surfaces should be a major objective
of the post-Apollo period. It is believed that
high-reaolution, multisensor data on a synoptic
scale will help mission planners and éxpeti-
menters in selecting prime targets of explora-
tion, in laging out uptimum geologie traverses,
and in devising key susface measurements, In
practice, this strategy will be only as effective
ds our ability to extract useful information from
the taw remote sensor data with a minfmum of
ariibiguity. Certainly, the vast quantity and
spectral variety of orbital data will necessitate
improved methods of datu collestion, procedsing,
and interpretation. However, a susvey of the
tecent ltetature of remate shows &

itreater préoccupation with sensor development .

than with data dlagnosls. While both tasks
are equally importasit, this paper will priiiarily
concentraté on the laiter and will focus atten-

portande of prerecunnalssanee dingnastls ra
nitdsutomints as integral paris of & remote

tion on an ares of remote sensing eoncerning
what are called “temporal data” in this teport.
Such data ave simply measurements of elestro-
magnetic radiation as & function of time, as
compared;, for example, with pictorial date
which essentiully represent the spatial distribu-
tion of the same radiation at ahy wavelength
bub at & given instant of time.

Changes in brightness and teniperature of a
planetary surface during a day-and-night sycle
are examples of temiporal data. An attempt
will be made to illustrate by means of experi-
ments, theoretical models, and qualitative dis-
cussions the wey in which such data esuld
supplement purely pletorial informatlon. An-
other of the present paper i3 to struss the
importanes of prereconnaissance homework in
data interpretation as an integral part of the
overall sirategy of remote sensing, partieularly
from an orbit. This prepuratory analysis may
wéll deterinine whether the data should be
scquired in the first place aind, if so, how they
shiould be acquired iri terms of choite of seisor
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30 EXTRATERRESTRIAL RRSOURCES

or sensors, time of observation, geometry of
viswing, ete,

TEMPORAL DATA AND THE OVERALL
PICTURE IN REMOTE SENSING

Electromagnetic énergy measured by temote
means may be classified into pletorial, spectral,
and temporal data, the desighation depending
on whether such data represent the distzibution
in space, the distribution in wavelength, or the
wvatiation with time of the energy, respectively.

Our concept of temporal datu has its origin
in the study of lunar astronomical data. At
optical wavelengths, the temporal nature of
these data cinerges from the dependence of
brighthess on the direction of incidence (and
viewing) during an insolation cyele. This cycle
could also be a satellite orbital period, a season,
or other natural event or even a manmade
event. At infrared wavelengths, in addition
to directional fa¢tors affecting radliance, ayclic
heating and cooling contribute to the temporal

resalution is improved, Consequently, ad-
vantage can be taken from the time-varying
parameters to extract more informatfon then
would appear possible by the use of pietorial
interpretation only. The advantages can be
realized only by very accurate presérvaiion of
gray-tone values. This, however, would involve
improvenient in sénsor capability which is
beyond the stopé of the present report.

To date; most studies of remote surfaces
have been restricted to visual impressions from
photographs. A concept that deservesemphasis
is the iden that photographs ure necessary as
visual, synoptie records of the size and location
of surface features or gray tones, but they are
not sufficient in all cases for a positive identifica-
tion of these features. This inadequacy stéms
from the fact that many factors, such as aibedo,
slope, and shadowing by unresolved features,
could contribute to the gray-tone values. It is
not elways possible to disentangle these fastors
without & quantitative analysis of the spectral
and teémporal sighatures of the features in

aspect. In terrestrial remote sensing it is com- __question. At longer-than-visual wavelengths

mon to catalog into time-otiented interpratation
keys the infrated response of surfaces under
various meteorological conditions during a di-
uriial cycle. This is an example of effactive
utilization of temporal date. It is not an

éssentinl condition to this utilization that..

continiious observations over a complete tem-
poral cycle be accomplished in the actual
feconnaissance of the surface. More frequently
it is expedient to match discontinuously re-
corded responses with an interpretation key
which itself represents continuity of observa-
tion over a temporal ¢yele. In other words,
the field data could represent & few points
on the complete temporal function of known
models.

Thé need for similar interpretation keys for
the optical photometric and polarimetrie re-
sponsds is riot equally obvious becatise temporal
chatiges at optical wavelengths arve less dra-
matic than those at the infrared ones, but
ftevetthelées these changes could be of dlagiiastic
valué pirovided that they are messured with
high fidelity. Extensive time-orlented irter-
pretitiofi keys at optical wavelengths eventually
niay prove very valuable as sensor gray-toneé

there are additional factors which may cause
ambiguities, sich as the mechanical, thermal,
and electrical properties of the surface layers,
all of which tend to modify picterial gray tones.
Generally, the coarser the resolution of
imagery, the greater is the néed for quantitative
data on an 6bject’s spectral and temporal tone
signatures and the less is the reliance that ¢an
be placed on the object’s spatial configuration.
Since spectral and temporal tohe signatures of
rocks, soils, and vegetation types quite often
may iidicate their composition and structure,
tone signatures assume considerable importance
in the interpretation of many features that are
of interést in Earth resourtes and planetary
éxploration. ,
1080 data usually referred to as phototiietric,
arimotrie; and rediometric in the lunar
terature are classie exaniples of temporal data.
These data have received considerable atten-
tion in pecenit yeafs, but iore as isoluted areas
of scleritifie muiiy than a8 contifbutory clues
to the overall pleturé in remete sensing.
Figire 1 shows the major components and
subéomponents of this picture, In the three-
step process outlined, the first two steps
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Flovne 1.—Steps ih soordinating temporal and other forms of remote sensof dats.

itivolve electromagnetic (EM) methods of sehs-
ing. These mothods provide information about
the surface and near-surface materinl. In the
fitst step tempioral data are choss-correlated at
visible and loniger wavelengths. In the second
step this information is used to supplement
pictotial and spéctral data. Step 3 gives
third ditieitsion to the picture; it corsists of
cofiibining the suifucs iformation obtained
it steps 1 atid 2 withi subsutface data obtdined
by means of seismic und force-fleld survays,
Since few tempordl data on terrestrial
suffaces cuténtly exist, the lundr astrofiothical
dand Surveyor data are used to illusirats the

techniques of cross-torrelating temporal and
pictorial data as outlined in steps 1 and 2 of
figure 1. Spectral data (also in step 2) are
not used, sinte such data and their correlation
with tiaterial composition have beon extensively
investigated in the laboratory and the field
by Adatiis (ref. 1), Hovis (vef. 2), Lyon (ref. 3),
and others. As to step 3, there are no case
studies at out dispasal to.show how it may be
implemetited. However, it is reasonabls to
predict that extiaterrestrial tafgets, which will
be explored by orisite geophysical technigues,
will be selected by sifting arbital dita obtained
by elevtromagnetic means.
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TYPES OF LUNAR TEMPORAL DATA

Figure 2 shows three well-known, typical
“signatures” of the Iunat sutface. The curves
aré qualitative in natire and are meatit to shotw
general trends with time. Tha eurve in fixure
2(a) is known as the photometrie function. It
represents the clignge in the visible brightness
of the lunar surface betwean sunrise and sunset
(rel. 4). Tt is charactérized by rapid ificrease
in brighttiess at full moon and a continious
drop in brightness after full moon at sll phase
and viewing angles (phase angle is the angle
between light rays incident on the Moon and
the reflected rays as seen by an observer on
Earth). This signature is called & backseatter-
ing type and is iudicative of a rough surface.

A similat measurenient of the percent polati-
zation of the visible brightness (ref. 5) results
in the curve shown in figure 2(3). Tt is charac-
terized by negative polarization (about 1.5
pércent) at small phase angles near full moon,

0.4 w 0;7‘

Brightness

A,

Tirie or Phase Angle

0.8t63,04
Near IR Radiation,
Polarization ?
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Time

reversal to positive polarization dt phase dngles
of about 23° and a maximuim positive polariza-
tion at large phase angles genetally not exceed-
ing 20 percent. The counterpatt of the
photometrie and polafimetric clirves at nears
iftfrared wavelengths (0.8 to 3p) is fiot Enioiwn,
henca the question mark in figure 2(e).

Raodiation from the lunat surface in thes
infrared (mostly 8 ts 144) has bsen meastred
by niumerous investigators (refs. 6, 7, and )
both during & lunativn and an sclipse. The
results can be represented as effective surface
temperature variation with time, as shown in
figure 2(d). Notice that the daytime portion
of the temperature cutve, unlike that of the
photometric curve, is convex, and the nighttime
or eclipse portion is niearly a straight lise.

By assuming that the cutves of figure 2
represent the notm for the lunar surface, we
shall discuss successively the manner in which
these temporal signatures could deviate from
the norm and what these devistions may
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Fravie 2.—Types of lutiar temmporal sigfidtures,
(a) Photonietrio curve, 0.4 t6 U.7 u.
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meati in terms of the physical praperties of the
terrain,

PHOTOMETRIC ANOMALIES AND THEIR
MEANING

Correlation Between Surfave Roughness. and
Shape of Photemetrie Curve

There ate u number of factors that pastirb
the lunar phaotometric curve. The most im-
portant of these factors is shadowing. Trdeed,
it is commonly recognized that & cause-und-
efféct relationship exists batween surface rough-
ness and the shape of the plotomettic cusve.
It has been beliaved, for instance, that & com.
plex mictostrueture is primarily responsible for
the peculiar photometric properties of the lunar
sdtface. However, no attempts have boen
mide, to our knowledge, to isulate the effect of
this microstructure on the photometric sigha.
ture and, in addition, to determine whether
inforniation on large-seale structures bayond the
resolution of the viewing system could be
extracted from this signature. We now propose
to invastigate this problem.

First, to appreciate why photometric date
can supplement photographs in providing intor-
mation about roughness beyond the resolution
of the particular viewing system that is béing
used, it is necessary to recall some essential
charactetistics of photometry and photography.
A photograph is & qualitative record of the
spatial disttibution of brighthess. The same
tecord properly calibrated and controlled ean
become ths basis for the quantitative study of
this distribution, known as phototnetry. The
expression “lunae photometry” is the study of
the directional properties of reftected sunilght
atid a8 such it may be considered to be the
temiporal extension of photography. It con-
sists of the fedsiroment of the total Aux fron
each or all resolution eleriients in the fidd of
view and of the change with tie of this flux
durifig o coiplete ifisolation. Thus, orie may
coriceiva of the pliotométrie curve ds & riotion
picture of shadowing and of & photograph ds a
fraitie in that picture, Photogaphie observi-
tioris diffofeiitiate bet-vesh gray tones withii
the résolutions capubility of the viswing systém.

Photometric teduction integrates all these
effects aver any chosen fleld of view within the
photograph. If the integration is dore on one
element of resolation and expressed as a fune-
tion of pliuse angls, than the resulting photos
niettde enrve revenls the temporal behavivr of
shadows cast by features smaller than the
resalution of the systemi. Thus, ib s in the
quaiititative analysls of the temporal and
directional chunges of the reflected flux from a
diserete area that photomdtry can complement
photography in the asvessment of nresolved
rovighness.

The most avsurute photometric dita on the
lunar surtaco presoutly are taken with photu-
eleotric genisnts of excellent linearity and salibra~
tion rather than through direst film photog-
raphy. The resolution of & photoelestrie
system usually is taken to be the feld of
view of any one setisor élement. Unresolved
shadvws would fall within this fleld.

In figuve 2(2) the fullowing features of the
photometris earve are seloeted for thelr diag-
noitic values: (1) the ares under the normalized
eurve, (2) the slope of the eurve neat its peak
(Le., the region of opposition), and (3) ths
curvatute and ordinata value of the tail end of
the sarve (ie., the fegion of specularity at
oblique viswing), We propose that these
features are clues to terrain properties whish
will how be discussed.

Totul Roughness

Total roughness is defined as an index of
the initegrated effect of all unresolved shadows
éasting protrusions it the fleld of view, whish
¢ould includs features ranging from porticles
of dust to mountaind. For a given viewing
angle, the area under the normalized back-
ssattering photometris cutve is a funetion of
the eumulative ahado\:ll&@ efféot of e\l these
lrreg‘ulaﬁua. This corieldtivii of photometiy
with sirfaca stiuotiira has baen deimonstrated
satisfadtorily In fiumérous experiments in which
cpdciiiiens ranging from solid rocks to very
fough, dendritic sea corale were exaniined with
o pliotoniiéter haviiig ¢ largé ares-viewing
capability (sél. 9). _

A alight viiiation of previously véported
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experinienta Is showii in figure 3 tor the piirposs
of lllustrnting the way, I telessnjilo nhasrvation
of the Moon, that photomotels anomnllos
coull bo dotosted by improving the epatinl
resolition of the nieasurenionts. The spestnion
welocted for this exporiment s o dark vesioular
liva (8 perdoitt albedo) sontalning minierous
ofugs and o fow lolated smooth wnomalles
losutod botweon tho lnrgo irregularities, The
improvement fn ipatinl resolution s accomplished
fitnt by viewing the whole speolmon with a lurge,
1.5° flold stop (this currewponds to on aren 8
contimoters in dinmoter on the sample table)
and thon by tedueing the fleld atop to 0.3
and foonalng the photometer sussessively on
one of the smooth and rough anomolies.

In figure 3 the conrseeresolution view gives
o good photomotrde matoh with the lunar
standard (shaded band), but the firie-rosolution
view of tho smooth and rough epots brings out
the snomalies. It Is clear that the aren under
tho nndmnlg curves is larger or smallor then
the aren under the ourve represcnting the wholo
specimon and that there fs o trond of increasing
aron with decroasing roughness.

The fadt that the relative reughnoss of two
ar mote teglons can be predieted in this manner
in soneldered quite favorable to the photometris
teshnique for remots sonslig of roughnons
beyond the imaging resolution of the optieal
syatom, ('orieclvably many photometrie anoms
allow could oxist on the Moon thet have not
beon dlacavered but which eéould be detested
and logated by telessoplo instrumentation of
high resolution and gray-tonie accuracy,

The aréa rule s valid for most rough, textired
inrfaces sheduntéred In nature, such s rocks,
solls, and vegretation, when the speciilar com«
ponont of brighthoess f‘n quito subdued compared
with the baskieatter component, This case
should be the nilo rather thin the exception
for the Moon, If thore are dxcoitions, thelr
discovery will be algnifieant.

Miorostrusituré

Miciostrueture is dofled as the random,
sunll-seale roughnoss thit characiorited (he
texturs ur surlaid parosity of o iistorlsl, The
random orlertation of the mivroelenients (thist

I, vandom with resgiect {0 the gravity vevtor)
makos {1t posstblo to disiluguish them photo-
mottleally froni the macrorlomonts whidli, by
our definitlon, are prodominantly orlented by
gimvity, 1t b now propoied that the slupe of
the photomette turve In the reglon of oppoile
ton (hotwoon phaso angles of 0° to 10%) s an
index of miléroRtructueo, A wurlaco ke the
Moon as & whole whieh exhibits & sharp brighte
nows ponk of 0% phiwe angle, rogardlons of (he
dirertion of viewlng, nocersarily st ho covered
with randonly orlented eeinonts Interapaced
with dedp, nird pomsibly interconnectad, cavitios,
It tollows that the shadow=cisting clemonts In
the opposition reglon must be small, of the order
of centimeters atid smialler, In order to malnials
thelr random orlentatfon in o gravity fleld,
AR & riile, the steepor the slupe of the tueve fu
the opposition veglon, the tougher i tha
microitructure,

Macrostructure

Tmrge topographic features sich as boulders
and eraterlots (or fifountains and cratows, the
size depending on the alge of the fleld of view)
ard catogoried ai mncroatenotite by virtue of
tho erlentation of thelr helght (vr depth) along
the gravity vector, Such featuses onst shadows
that bocomne visible to an observer only when
the 8un 18 on the opposite side of the loeal
vortieal; such as vasly In the morning or late
in the afternoon., These shadows Inrgely are
responsible for depressing the tall end of the
rlmmuetriu ourve, The microstruature has
Ittlo o8 no effect on this part of the curve,
beentso the small cavitlos are saturated with
shadows at the lirge phase inglés snd a miero.
cloment in, by deflisition, two small to svers
shadow a photomotvically sigitficant nuniber of
other ntlerdelsinénts. In the abience of lurge-
scale ranghness, the photometrde sirva ie nioai
lkoly to exhiblt & “biilge” ar 4 sseond biljghi-
ﬁ‘m‘wk ot the wpecitlae anglé n obligue
viewliig,

It whould not be surprising that linar areis
exhibithig n decond bifghtiess penk lieve nat
beon dlaiiivored, Tin toloeval obwarvatlon ol
the Maon, the fleld of view uaally la suiliclently
large to tidliidé numernn topageaphln fantures
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whith east ling shadows ot Inego pliave nivglon
and, honee, dopress tho tull ol u} the plaito-
otk vueve,  Tho possibility of dincoverhig
optically sulianced (Lo, smauth) aivie ol the
Maan shonld noi be disviiited In view of
slgniflennt. Inijirovemanis ihet éan ho nride i
the quintity and quality of Hie oxisting
telosvople data,

The followlng experiniont was perforived In
order to deminmtedto the aforementioned pro.
piwed rolitionship hetwosin nealo of roughinoss
and shispe of photometels mieve, The photonss
étry of o mivearough siefaeo with and withoi
macroroughness wisi meaniiead at noriinl ahid
80° off-normal vlowing sngles, a8 shown in

figar 4, Tho mberrongh snefisre wan shisiie
Intedd by woiin of w dark, syiifiotle urathang
Bivwsne of low albed (0 poveont), "Phis niitoriil
Wit selaetinl liodiiie of Itn very Wigh s g
07 poréent) and; mmmmmu-lz. haiiass of ite
rmmlm\ of in ixnpgerated hikeattor FONpIOLING
i the appasition veglon s prodistd hy
ligpothents,  Mieraroughness wis sininlated hy
Plaing o fow continiotér slko  mleropormin
voldanle olidors on the fonmi.  An kred N velilf
motois in diametor wus snimploid by the photome
otor. Il otput of th Ky revorder regintorin

the photometele slgiature was siotinalised with
the lunar standied (Maded band In (g, 4) wt &
4° phaso angle, The briglitness in the opps
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(0) Mivokaigh urtade, wrathand tonsn; peninity
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U7 pardents albada, 8 porverie; view angls, Wiie,
s volodsile olndérd; alhedn, 6 jJarasiit; view wigls, Wi°,
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thiis viglon was meawieied by diednm of o hedsi

wplitbioe pliveddd Dotwasn phistimiade and sainpli,

The benrs wplletor wan sflieloitly fong b e

il il (i itonsdey dquarar 1o anabla helight.

niww inigtitnrmiientn hatwoen phiosd anglod of
7% tin 198 (o b rinakeln,

Av antldpated; the foimy; hadiume of lta
oktevmioly iomplex milarantruetare, sxhibited a
wlogie Lis the opperislion reghin thist wi steeper
than anything previouly seen, 1 all conen,
the upiurge of Drightiess win s litenne thist
the outpus wont heyoud the fleld of the
recorder, a8 oan be woon In figure 4, Latess
lunar dita roported by Clehrels a6 al. (vef, 10)
Indleate an oppositien offect somewhere hee
twaen the fuiin surve and tha lunar stasdied
In flgnre 4. From this {t miay be Iiferred that
;lm foam In tiora pirous thah I8 the lunur sups

heo,

Notiée alio (i flgnre 4 that the foam witheit
the voloanle elnders axhibits a wecond bright-
news poik towand the specular direotion (phase
angle 120°), but the additdon of the voleanle
dliders lowems the brightiess to the level of the
funar orin,  This axperiment alvo showed thind
the tall end of the ctirve I8 mure soimitive to
wieroroughness at oblique viewing tian at
noral viewing,  Although viewlnis ue ohlique
a'uﬁles envtislls suma fows of spatind resofuifon, we
belleve that the miperlor dingiustle value of the
phutomietile curve at nbilqiie viewlig alore than
compansation for this lo,

I enniduston, 1t soomd pissible to rite the
relative sanghnesw of diserate reglone hy vom.
paring the iime integral of thelr brighinew aver
an hmolntion egele (this i the aven undwr the
photametrle eurve), [t ali avemn rinsibla ti
Infor mirfuie toxinur and largeseile conghiions
helow the rewntiithin of the viewhig agstem hy
stisdging the wetisdl shinga of Hin phitoiintele
curve,

Photometry d» an A In Photographic
" Iniurpretation
It W oftai udcominry to siuily tia temjiral
tishinviar of photogeaphin faatiees i aider to
dutéviitling whather ihe wgpirene divemity of
gray toniow b eiumad by differsicen of dinijionl-
tlim, of atiietiire, iv of bith,

Tl rvent conteovarmsy citicobibig the natiiee
of the dirk ofovti obmerved aponnd the Mire
vigor footpeints v wise In giodnt,  This probe
fotn wite divensad By o eocont piibllaation and
it wan whown by mwins of shimlitlon exgiorls
fients fwiw aeddrate dintn im the alhedo and
phataiiiotey of the geag tiniew I Guewtlin cauld
sottlo the biie (ref, 11).  Adlother eXample Iv
the @ave of (he Winee tays whivh, av Is well
knawa, are eonspledoim at full sioo bue teid
to disappoar and blend Into the hiekgeanind ne
large pliase angles, 16 appears  that  ¢his
poculine photomstele belinvlor Indivates that
the rays differ from thelr surrotindings in huth
ulbedo and etracture, This  propisliton s
based on the following rensoning, Te brights
ness of & surficd at 0° phase angle depetids only

an bta noemal albedu, but at phase angles uther.

than 0° this brighiness 18 attenuated by the
oxtont of shadowing, hienes by the roughtiess or
porosfty of the surfuce, Accordingly, two
arens of unequal notmal albedo when viewed at
# large phake migle cinild eoncelvably reglater
the seme belghtnei or gray tone oh o photo-
@raph i the lighter wrei (In tornw of normal
albada) I rougher or More poraus than s the
darker aren, ‘This hehavior I8 indesd exhiblted
by the lunar ruys, Henee, It Is sulllviont {o
postulate that the riy arens are Inherontly
lighter and rougher than thelr susroundings tn
order to account for this pecullar behavier,
The rigs cannot be disetiminaied from thele
hackground at large rhm anglos, beoaue thele
inherently highor reflectvity In attenuited hy
# Iarge mimber of shadows east by fenthres thit
are usially ton sl o be vesolvid hy the
viewlng syatem,

An experlment wan gierforined in which the .

abave-poatilntal propertios wore sfmulated in
tha folliwing mannet: A layer of dark, back.
wenitering voleanls powder (purticle alua 38 to AR
nilerint aid dormal alhedo 14 pordent) was
depostied on w flal boked and flemly tampad;
thai & lghiter powder (aurinal alhado 10 jiavesit,
wnicie particls wiee) was loowdly wifted ovar this
Iugée thtomgh o template Incorporuting » eay
jisttorn, KFigiva A(a) showa a pliibigoaph o
the slilated vage taken wider anibilent, noi.
cilliniscad Nightliig,  Figuren H(0) anil Alay ahiiw
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he wufion sednd wnber coffimnted dighthig ot 0¥
(Il nomosss woiod W° (opnantei anesor)  olinin
angles, rompecinnely AL 0ho Fall-inwn euiioli:
thont (i ahippniiod fugn wve nticonbile, wliereas
Wl 0B ot iel mvion thicg aee aor.  Che pilota.
ReRjiliie obidrvations wie eonflfied hy the
fdifive phitomidtei enevim of the eags sl of
(lude biickgronml, we shiowa b figare Ao,
Fog tha pviientue allivbi-eooglinons eomibing.
bl wmel i (li Begadtiient, T twe enpvis
sonely cirtiteidie bagonil W0¥ phasd wogle,  Othipe
coliibinntline age giiosible,  For tistanes, i i
coitvely abln thit (he rigs may wetidlly upgicar
duckar than theie morrmindiings ai liege plinse
angchen, i the differenca In rnogthness antwedgn,
phitometeleally wpoukliig, (he  difironcs in
bt Nuehi  doivdition iy ovend i the fuys,
uirdike thele maveoidndings, dee s bosils on n
wileivienls wnd @ migevimenle.  Wa hisve nit
sinmlbuisd this cimdithon In sae exgerimont nop
doo wo ko whnthier bt éxintn i the Misin,

The presenie prapimliion, baned on pusely
pliotesietele coikiderations, that the hiner rays
i in s averige “roughes” thais thelr sigs
eoiindiigs, & In wecunl with the conminly
wecepited view on the mntnee of the euys,
The wetual seale of (hin Fougditions sy rangs
froi o flus, Inteiente ilermteiétied, to .
foatared aueh i erntevlote  and  biildors,
Although the Iatter fentures iy b pemdvad
in Obiter photogeiphn, know ledge of the teiie
poral behavior of geay toniik o (e jliotos
geuphR Is necosdiry In onder 10 aiis the
mickoutrueture and, by Inforence, ihn pimmity
and bulk denifty of the auirtues layer,

POLARIZATION ANOMALIES AND THEIR
MEANING

The polarimetrds slgnatire of the hinie
sifiee lian dintinotive charantordntlin which
linve haen deribod aitller in this puper, T la
10 be sxpected that selactod wrais af the Moon
will present o poladmotele signature difaring
eubitantially from the dorm. On the Karth,
whore foatures anch an vegotatlon anil waied
haak the rmonatony of the suelure, pifasimeteli
anomaliw fieh stionger thin thowe on the
Moin nisy be sxjpected, If the anvmiatine
dlgnatuie can bo shown (o be eliaruoieratio

of visitnlis fomtured, mick an veyotation, of itiee
spiicifically, cofiaii typan of vegatatlio (e,
aveigioon fulingé), dn lijirtaist recorinkiviines
teryraiating ke nmy b avolved, On oie
fotinive Dniab wiied giliiditaty wrons whém fo
vigetutliing o nreas of eulfurdé s Bnuwn Lo
oxint, it siiag b that eatlior sishtdo differonees
W gielurlinerrte sonpiid may o Intarpeatd
i tornan of elininges in wicluee toxtues or rolntod
phiysiend quehithion huving prisctieal Imporiance,

Kuely arttenibing do tomporal daté of lanae
orfgn has Jind 0o mpoeladtion concerning the
seengraiod wid meaning of lunae polurdinotelr
aninidles and wiabimeigiently i appllention of
waiine of 1his thinking o the piteitial value of
the tervesteial anonalles, In oliher eams, in
ortdor o interpeat atiainalous data one must
ndesstand iho phiysion of tha poinelantion
phetiomenon and the inigortant factors that
shuje the polatimerrle dighatuee,

The polirientionsindueing optieal phenomena
ard thowe whieh are assordated with boundury
cinilitioms botween medin of difforont refractive
inilliod, Thewe are vefleotion, pefraction, and
diffractton, ‘The literplay of thewe plienomens
in & wnpfieo of gréat iomplexity & st condueive
to roady queaiitative analyals, The shidow
formuthin. which sevmm Inisgely responible for
shnep backseattoring photometry furthér eome
plivates hinar polurimetry,

One approach to analysls I8 polarimetrie
meaniremmits performod on surfuces of various
drdors of coniplexity and ettompte ti diseover
genvialisations which ean be Ineorporiated Inte
s weful higpothosts, Another appronch v 10
apply  known  physienl  laws  to generilized
midols and to try to approach the known pis
Inrineatrie signitires muthémaileally, We have
wied bisth niethods of approaich but will deerilie
heva physicil moanaremonts on anie rensoniably
woid labafatory anilog of the luna poleds
motrle wigivaturs ind on two highly abitracted
contrived minfives,

Fligure 0 whiawn & typleal unar poladmetrde
wiginsburad fn tormits of porvent polurization as &
firiation of phiss nigle, A curve 18 alio showil
representing this saine kind of faavtlon as de-
termined vri the riniiman polirinistrio snalyser
feant & sample of jowdered volcants elnder,
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The features of negative yiolding to positive s
larization at & characteristic inversion point are
prevetit In the medel, but the pasitive polariza.
tloh at large angles i too bigh in the mmdel's
funetion.

One of the simpler approucties to analysis is
to make the assumption that the coniplex sur-
fice tun be reprevented by an aggregate of
tandam reflecting plune favets inclined at vuri-
olis angles to the plane of vision. For practi-_
cally any niaterial the singly reﬂe(!ted' light
frim @ facot ordenited normal to the plane of
vislon in positively polarized as referred to the
plane of vision, If the facet I8 uot aormal tv tlie
plane of vidon but I8 rotated about uh axis in
that plane, the polarizitlon may be qudte neu-
tive,  An éxperinent s shuwn in figure 7(a) to
clacify the point. The musonite buard has o
ptoniniiced positive siginature whei presented
i # planie surface to the pulariniotrle analyzér,
When two reflecting tacats of thio mdsonite are
furiiied finto o Voshagio and the fucets ate uriented
tortinal to the pleiie of vison, the polirdmetric
slgnature {s prononivsdly posftive. When the
Veshugie b4 orloitted with the vestex ti the plite
of olsloin but e fuc . are ineltued to th
idrmal as sliown, the , Jurinistrle sigratire fs

quite negative ut sall phase angles ard be-
comes pinitive only at lirge phase angles.
This trend wan unticipated when the esperi-
nient was plunited because positive polarization
hocomes segative polurization if the edsofdinate
frianie of reference enti be rotated 00°, 1n the
signature of this madel there avidently is a
stroni comipetition between the factors favoring
u prepionderance of light with the veetor arbi-
travily defined as negative and the factors
tavordnig the veetor defined as positive. The
puint at which this competition 8 cqual is the
Inversion phase angle.

Ail oven more striking artificial example of
the positive-negative cotitpetition is afforded by
the polutinietrie sigmature of aluminum struc-
tural honoyéonib shown in figure 7(6). Struc-
tural honoyeombs is pxtremely porous and the
poie lining is specular in reflecting properties,
A signature secured un thé pularimetric analyaer
with the pores inclined very wlightly (o the
plane of vision shows an exaggerated version of
the treird mentloned above. Covering the
pores with sttljis of cardbuard feaults it suc-
cedstve steps of vediiotion of tnversfon phase
sogle and feduction of negative polarization,
while the jiusitive componerit is enlianced. The
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Froviiil 7.-—Coiitrived models sliowlrig éffest of stfissturo on percent polariastivii. () Polariuation by orléritation
of plane fa::eia. (b) Polarisation of hioneycomb covered with vargiig niusiber of cardboard steips. (Note cliatige
of sigiature with chiatige of suiface porosity.) Numbers at edoli durve are riuriber of cirdboaid stiips.
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tardbonrd is orie of the normal opaque reflecting
sutfaces which have a predominantly positively
polarized signuture.

Structural effects arising from the orientation
of the facets with reference to the plane of
vision are not the only mechanism induding
negative polarization. Other experiments with
transparent dielectrics, such a8 water, have
demonstrated strong contributions to negative
polarization arising from refraction and sub«
surface reflection (vef. 12). There appears to be
& connection here to the polarization signature
of vegetation and the degree of turgidity, or
state of hydration, of the vegetation. One
example i8 sliown in figure 8 for fresh and de-
hydrated vegetation. ‘

The experimients with two contrived models
described in figures 7(a) and 7(b) demonstrate
that the polarimetric signature may be related
to structure evén on a fairly gross scale.

40 |-

30 |-

% Polarization
-4
|

Néither high nor low limits on the seale of the
structural grains ave sot, as long as attention
is confined to the opaque reflecting surluco
ficots, When semitransparent grains are con.
sidered, the grain size may bs an important
parameter be¢ause of increasing opatity with
size. The magnitude of the refractive boundaty
effects which muy tend to enbance negative poe
larization is reluted to grain size. This can be
vetrified by examination of the degres of con-
formance of the signature of our sample of
voleanie ash with that of the Moon (fig. ).
One of the must difficult features of the lunar
surface ?olarimane signature to duplicate is
the relatively fow positive polarization at large
phase angles. There are many factoss related
to surface structure which could be postulated
to account for this feature, and it is possible to
perform experiments which demonstrate trends
in this direction. Multiple Scattering and high

—  FTe8h Green Dogwood

Leaves (10-11-68)
Dr{ed Green Dogwood

o= === == Leaves (1 Week) (10-18-86)

609 Viewing Angle
Wavelength: 0.7 - 1,14

Phisé Angle, degrees
Fiauns 8.—Polirlsation of freéh and difed vegetatich &t i6af lifrired wavelength.
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albedo, in general, favor. depolarization. Mul-
tiple scattering combined with factors favoring
the neégative vector are logical assutiptions in
the effort to understand and duplicate the lunas
signature at large phase angles, Presumably
other plarietary surfaces may posstss the same
getieral characteristios, thereby justitying fus-
ther attention to rationalization of the lunar
polarimetric behavior.

Obviously many factors operate to medify
the polarimetric signatire. Only in the case of
rather simple surfaves is interpretation easy.
As ifi the case of photometry, the utility for
remoté sensing sesms to be lurgely to draw
structutal rather than compositional inferences.
Also it seems cleat that polarization is one of
many optical phenomens that could be most
meaningful whett correlated with other terporul
data, such a8 photometty, and with measute-
menits of albeds and color. In specific in-
starnces, such as the example of vagetation
mentioned, & polatimetric anomaly should lend
itself quite readily to interpretation, but it is
felt on the averuge that considersble ahalysis
of a eross-correlation nature must be dohe ptriot
to réaching a contelsiot.

Inasmuch as polatization is a measurable
charactefistic and seetns to be related to strue-
ture, and to some degree io composition, it
should be a potential source of additional infor-
mation. However, it is a very complex phe-
nomenon ahd much femains to be learned.
Certainly field polatimetry cotcutrefit with
photometty and tadiomatry can be justified.

USES OF TEMPORAL DATA IN INTER.
PRETING INFRARED THERMAL
ANOMALIES

Temporal data at optival wavelengths pro-
vide, .t best, information on surface properties,
such as texture and rougliness, but afe iniher-
ently not ¢apable of revéaling bulk propertiés
of the surface layét, such as thérmial conduc-
tivity and bearing strength, unless they afe
supplemented by data at infraied snd longer
waveléngths.

Currently aevailable temporal data on the
therinal Infmred emission of thé luner surface
are far from adequate for & meaningful diag-

520-984 U—se

nosis, They are, however, surprisingly more
extensive than theit counterpart at optical
wavelengths despite the difficulties inherent in
medsutements at the longer wavelengths,

Observations to date (refs, 8, 7, and 8),
whether made during an eclipse or lunation,
have been rewarding insofar as they have
revealed a number of anomalies which afe
generally, but not always, characterized by
cooling phase temperatures that are higher than
their sutroundings. Various hypotheses have
been offered to account for the “hotspots.”
The most plausible among these assoviate the
phenomena with a rough mixed dirt-rock surface
(refs. 13 and 14); 4 more condtictive, hence,
harder subsurface material (ref. 15); and intes-
nal heut sources. Cotséquently, the ptoblem of
exploiting thermal emissiont in remots sensing
as a clue to the nature of the lunar or atly
remote surface resolves to disentangling these
and other relevant factors. In the case of the
Moon the factors to consider are tha geomiet-
tical, mechanical, thermal, and optical prop-
ertiés of the uippermost layer. These unkrowns
and the assniniptions they impose on the anslysis
have been the main obstacles in past attempts
to match lundr data with analytical solv:ions.

One approach that promises to reduee some
of the ambiguities of the data is utilization of
the fact that the thermal behavior of the lunar
surface can be observed during a day, night,
and eclipse cycle. Although such observations
of the Moon have been made, there have been
fio attéimpts to moniter end correlate the
theringl behaviot of & given wrea during all
thrée temporal regimes. Also, the possibility
that each regime could contribute an in-
pendefit equation to the salution of the various
uitknowiis Has not beéen adequately explored
theoretically. Sisiilar remaiks can also be
raade in favor of lunar investigations at micro-
wavé frequeficies. However, this topic will not
be disctissed.

The new appfoach could begin with analysis
and end with observations. In the analytical
phase, standard curves can be derived in order
to describe the lunation, eclipse, and direc-
tional behavior of a homogeneous, semi-infinite,
blackbody riiateridl with Lambertian elénents.
Call this the “zéro-oidéf model.” Next, ore
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could upgrade ¢his Motel and detormine 1he the benring Atrength and day and night tam.
way in which known inputs pertarh jeg luniation, Peratiires of the Survayer T landing site, The
eclipag, and directional signutipes, Albedo, concarrencs of thase dats, with the thearntiog]
emissilvity, thermial condu,;‘sﬂvitv, bilk den&lty, turves s quits gaad,
patticle size, vortieal iy umuperieity, surtyrg
rouhngss, and an interyyf hieat <onrve arp Rouglness Effoets
examples of syel; inpists. Thora ya, is suffi- Srfacy ronghness, nepleciad I the above
clent knowledgs 4 Propose that the salupion drialyads, is anothes important fuctar “ine
of the highar grder motlels cauld hefjs farrow  sider when ofe is intorproting thotmal ensirsiay,
the number of passible intérprotations thai have iy, uight, und ecfipse tomporatures el Y
N given to the fingy thermal anomulie,, influeniced by myghyou to an extent and for
Some of this knowledge i discussed briefly in redsons that diffor iy eyels cuss, These effects
Guuntitative tepmg wlienever pousible gnd ual- e extremely conislag yiif intéract with otheps
itatively whers 50 analysss ligve yet been mude, that dre ng Jays mgipli«-utuh A;: uvm:lmpli-
fisd view of the problem is taken figra wi i the
Consolidation Effects hope of identifying areas -that deserve close
Beating strength is & faptop for consideration schutiny,
i the interpretatioy, of lunar hotspots becaiss To begitt with ¢he insolation phase, roughiiess
of the relationships thyt will niow be deseribed, gy affect duytime teniporatures in gwo diffeient
The temperature of 4 covling sutfuce is g sensi-  ways, Ope is by sbadowing which tends io
tive funetion of the thern.a) conductivity of ghe lower the uifestiva temperatureé and ghe other js
cooling material; poiy; thermal conductivity and the directionulity (of the tandoinly oriented planes)
it strength g functions of s same  which fends ¢q raisy it. Bogh effécts are
physical Propertiss, such ag Potusity, partiele Protouticed at obligue viewin, (i.e., toward thy
or Pore size, the degres of consolidation be. litnbs when the \ obn is ogﬂeﬁ'ed from the
tweett the solid elements, and ghe nature of the éarth), byt fortunately they do not oequp
solid materigl. fy 4 recérit study by Halajign simultansously, Obvivualy, shadowing effests
& al. (ref, 15) thess Properties wete usad e & are most proncunced at lafge phass angles
link it order ¢, coridluts the tidnight tetnpera. (during she fipgs and last quartefs) but djpep.-
ture of the Jupg, suffacs with the beafing  giongl effevis taks placa uiostly at sitiall jhiase

rather thay eclipse tettiperatures, bacnuse rough-  direstioy {g the insident solap tadiation,
ness éffects (discussad below) conteibute to Figtires 10(a) ang 109) illusteate o way in
thermal enharicsmens during & sligrt saoling  whigh direstional and shadowing effests cotld
ttansien¢ and consequently complicate tiig Cof-  respastively othaiids or attenuate thermal
relation of thermg and taechatiicq] Proparties, émisaion, ¢lie variation dependitiz on tha phase’
afigle. In gur opinion, these effepig produce
temperatiires gyg suiharized graphically i the anomaloug tempsrature varintion of the
9. Notice thgi thidhnight temperaturas Sufteyor landing uits shown in floupe 10(8)
ate far mope sefsitive ty changes ig bearig  (pof. 18). Expwmdmgmhwd tefiits, fough.

ing strength, should be of disgnmtic velue and wavelsiigths could be exploltad ug o olué to
be discuseed later. Figure 9 also shows stirfage rougliness 8t o scdle larger then the
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Fiours 10.—Mochanianis of daytime thermai oghmmu?td. and dtteitution dauded by toughnoss; dingnosis of
rveyor I data, :
(a) Direstivital effvot at small phase angles, Observed Averdgo tompraturd (s tiore than temperatire predioted for

stooth surfade bovause thermally énhanéed fascts

(where £;<s) afo stdn by nensors but ahadows are not.

(b) Bhadowing effevt ai large phuiv aingles, Obsasved averago tomporiture b loss than tmiperative predisied for

arivoth siirfady Becaune them

rihanodd facots (Where 1, 11) dfo it wowh by seasdr but shadows are,

(¢) Paniitly of thooretieal lunatish curves atid Surve for Burveyor § landing alta,

misrostrugture, Thus, & fough ares will appaar
sooler at large phade angles and waimier at
small jihase angles than will & amooth srea,
other parameters belig equal. The ot dm-
portant of thees piranictérs are albsdo, emis-
dvity, aiid the therdiel Jnertid  oconstant
sdtitimonly designated ad v, Thé latter piram-
éter Is slossly related to hardiiss or degree of
consolidation, Albsds aiid emlsalvity sould
be eitimated by uslng mulilypesteal messurs-
miénts, but ¥ must be sisuined,

A family of thearetical lunation sutved i &
fuiotion of ¢ is shown In figess 10(e). It
prévivuily has beeit noted that y doss itob affést
the temperatiires at the small ghsde anglee
(where diieetional sffesis take plase) as mush
as it dffedts the uighitline temjieratires.
Notiss alio that at the lurge=phase-aigle postion
of the daytiinie cuitve (where stindowing effoots
ire most pronivunced) the umJommm iré
nearly lisenaltive 6 wide varlations of v. It
appesis thevelure that theimil enilsalon &t

T TSNz
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Inrge phaso avglos alio v o olis to roughness;
this could vorlfy or supplonient the reighness
Inforved from phutographle, phowomoteis, radir,
and other sources.

Coiisfdorations of the weale of roughiess that
i thennally rolavant load to atniflar aonelusions,
The “miernshadows’ which aro furmed muatly
at the amall phise angles ave not lkely to be
thermally as signifieniit as they ure at optical
wavelengthn, During the long luniap day, the
émall shedows in tho vecedses of the mleroe
strigtiire progress ab o rate slower than that at
whish heat i transforved into these arens
thiough lateral eonduetion and radintion,
Therdore, the microshadowa will be In near
thermal squilibrium with thely sunlie srrininds
ings. Aceordingly, the lunar surfase whish ls
known t bo rough at optical wavelengths
should be relatively wmoother at fur-infrared
wavelengths. In figures 2(a) and 2(d), a comi=
parison of the ahaip backesatter peak of the
photomstrie surve with the convex survature
o{ the thermal infrired ourve supporta this
view,

It roughnoaa s to have 4 measurable effect on
daytime thormal emissions, ft should be ot o
acale suffiefently largo to produce long shadows that
remain éoolor than their surroundings. In leu
of an astual analysls, oe can only spesulate
that topogeaphio fentures, including those thit
aré below the resolition of the viswing ayatenis,
could cant shadows of this magnitude at lurge
phase angles and reduse the averags thermal
émiualon below that predioted for & amooth
wiirface, Thuw mensurerient of lunae tompera-
turén during the early morning and late after-
noon perlodi miay have a diagiostio value In
termi of roughiess that s not been expiloited;
probably beoauss this poadbility s not ape
patent in the well-kiiown y-depandent lunatioi
temperatiure éurved in figure 10(e), The fust
that thernial behavior durdng thede perlods is
iy luda;umdam of ¥ whiould nake the inter-
protation of the data In teriiis of Foiighneds less
ambigious thai It uaitally b,

Next; onilder roughiiesi offents on darkeside
temperatured, Roughnies will anhiance thermal
eiilaslon durlig night oF éclipes cdoling to &n
extoiit that In hiversaly propartional to the die
tition of the aoolliig traimlént. Agaln, avery.

thing elao halag equal; o rough snifans will aps
pedr wannor than bia smoother aurrdunilings,
oiantinlly bediuno its somponsnt facets sndiate
to n valuo of lodn than 3¢ atorlling and henece
raqulre o longor evoling poviod than a smanth
surtace whivh radlntestin host to & full hemis
ajihore, Unifortinately, the faot that nunaolidis
tion offeots and Intomal henting alo could
eontribute Lo thermal enhianoamont duving »
cooling phase complieates bui doew not neces-
witlly obmeuve  the  Interpratation of lunar
hatapots, W suggest the following teehnlque
for dinentangling the conteibution of roughnos
and intornal henting to thiommil enhancemont
abserved durlng the night o an elipse,

I the flowi place, ona ean take advantage of
tha faot that thaemal enfiansement cnaied by
roughness, unltke thut entised by the other two
factors, in of temporary duration, A long annls
ing translont effestively antd ad a time fllter
during which roughriemsindussd hotapots fade
away and lenve thase that are caused by internal
heating and/or a thermally mors tondudtive,
henae, havder, imaterlal. Thus, with a suffl-
dlantly long eooling period, sudh as that during
the lunar night, 4 migh and & smaath aen of
similar thermal and  meohaniioal properties
slhiould vonith about the snme predawn tempern.
ture, [Interpretation of thétmal enhancement
during an edlipe would be more smbigudus
thani would be that of thetmal enliandément
duting the night besause it could be eatised by
ang one, or & combination, of the thres factan
mentioned above, Roughness could be sise
peated as a primary or uiifiuie sansa of thermal
enhantement dutlng an aclipse only whon this
anhanicement does ot peralat at night, The
donverse situation, whera an aren is thermally
enhanved at vight but hot durlng an eulipae, Is
poinible In the oase of weak andinalles whish
onn bie detsoted only ut very low taniperatuias,
In such & dass wughnesa (up to o ceitaln wonle
than can be satimatad) aould be sliminated wid
the intarprétation oan be narrowed to the athar
two fastofs, A slimilae listerpretation riidy bie
giveni to the steang anoiialied that are peam-
taont durlag both the night and eulipie.

A vocwnt qunititative analysls of foughisnede
effécts o hinatlon and elipia ciioling by
Staley (ref. 17) anid Bustif (Fol. 14) support
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sime of thesa views, Staley estimates that
mont thsemial enhinsicamont In oriom olmerved
duriuge etlipn by Shurthill and Saard (ref, §)
e be aevannted for in termm of radintive
intérchange hotwesn (e erater walli, Roelof
reports that during ecliywn rocks smaller than
i meter by dinmeter can profluce sinill but
detevtable varlailons in Enrthebused monsure.
nents, but during the night the sixe of tha
rocks should b lavger than d meter In order
that thera be a similar effect, Ho estimates o
theenial enhancement of about 3° K during
widnight for w typieal linar surfice, 1 pervent
of which is oreupled by 3ameter pocks, He
podnits out that this is far mare nagligihle than
the value previously estimated by Hopfleld
(vel. 13), However, he remarks that such
vacks collld produce strong thermil enhinnice-
mént In foeal meacurements, such an thowe
made by Survegor, partioulurly at sunrise or
sunset. when the Sun and sensor are on the
wame slde of the loeal normal, Tt veainn panon.
able therefure to negloet roughness i a factor in
remately abierved thetmal enhianremant diirlng
th lunap pight unless Orbiter photngraphin and
pi:«;tamatﬂcv data (it available) indicats othor.
“’ wl

As to the other hypothess (that dayiime
thermal smisslon av lisge phase angles cauld
provide clues to unresolved topogeaphie poughe
nem), L reinaing to ha substentiated by analyses
and ohegrvations,

Internal Heat Sources

Oovrvainly, tha discovery of inteFnal heat
wourees i ths Moon would be of major scientifie
ond englneering  wigiificanics, The quastion
avligs; thoralors, whether these suipces dun be
detected by vaiote meaiw and, if wo, whether
they ean ha poslitvely dentified an wuch,

The peablein of identification, in the eass of
tha Maan, harrows to belug able to diserimiinite
ietweeil *gaathermal” and “stenctural” effedts
slfen, an wé have neen, buth cffsots could
eontéibuts to thermal enhancsnisnt durlig the
night v celipas, We foous attentivn o night-
tiihe termpérattivas, Becdune thay are lewe
wubject ti roghings offents than ars silipme
tempiaratiros dnd aré mors likaly to revenl

woik anomailes that may net be oiherwise
detontad, [lowever, alghtinie mvisnioments
sre not sallléiont for o anlque identification of
the hutagots unlow thoy new mipplainented by
dagtinte data, Phis propasithon olica miore
affords au opoFtunity (o siress the linpoprtanee
ol tompaenl duta,

We ussiisiie fur the piispine of thin disrussion
that an Internnl hont wourre In dloiectahle,
that is, thae it i wilflelontly atrong to Have s
menmirable effect o a romote seNor  over
and above the therinad embeslon of the surfure
besnuse of tormal insolation, 11 this 16 the
ensd, then it In umnible to diveeiniinate istwesls
the solat and wonwolae cottponentn of the
obderved amisilon by balaneing he heat
budget of the anamaly tor 0 complate duy and
night eyels, Notleo in figures 0 und 10(e) that
the “herdness” parameter y perturbs tha
midnlght tomperature 7' and the high-oon
tempataiure Ty In  opposite  divections (7',
inrenson and T, decrensss with decveasing 4),
hut an intornul heat sonree would push both
dny and nlght temperutures In the satiie direne
tion (up). Thus, it Ty and 7, are known and
the latter s found to excesd tha theotetiinl
valug predictad by solar fnput, albedn, anils-
sivity, and 7% then o nonsolar heat sonres
must he pustulated fn oeder to balance the
heat budget,

The above concept may he axpressed graph.
leally in terms of tho aren undar the eusve that
vep: sénts the thermaldnfrared emisslon dusing
6 complete diurnal oyele, This aren s Inde
pendent of the hardriess and roughiness patams
oters, In the abwence of nonsolar hieat and
negliglhle Interal hent fnwes, 1t 1o aolely &
fiination of the hamlaphiedo albido of the suace
sitd the Ineldent wolup ensigy,  1f it Is asaumed
that the radinted eivigy e uniform over s
listabaphera did albado differonces ara aeemintad
for, then procedsiig the dats in terine of the
AreR nder the hinatlon ourve gy he n eone
venlonit way of Identilybig the anomaly. 1f the
biidéx aved of the anoiinaly Is siora than that of
the murfauniding réglon o of tha valus prediotad
iy wola? huput, then an listarial hoat soures nisy
b miskjiocitad,

The basltic comipisition of the riaels, &

wnslyasd by Suiveyors 8 dnd @, miggats thst
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diftorancintion, probably enimml by  Internal
sonieeds of hains, hea aconred i thie Moon, T
dite, dionie of the known thiaemal anumindim of
thie Moon hiave haen positively tilantifled as
hiternnlly lioty this b peiniarlly Docisuse of tha
Inek of dectipatn dith an the diurail hahavior
of thesa anomition, it I+ bellaved,

A wumnaey of aur thouglitn on the nintire
and menning of lunde themmal anoinalles §s
prestnied fn table 1. The sunihury I tiocas.
sirlly oversimplifled andd I montit to wieon
ninjor trendn i temporal sigintires and the
supplemsentary  anture € the thermal duta
dugiing » dy, night, and srligae eyala,

CROSR:CORRELATION OF LUNAR TEM.
PORAL DATA AT OPTICAL AND INFRA-
RED WAVELENGTHS

The seleation of suitabls luitar lunding sites
(snitable from o sinvothness and  hardiess
point of view) In disouwwedl hove an n odes I
polne o illuateats huw tanparal daia a aptioal
wd infraved wavelmigihd coudd sipploment
purely plotorial inforinaton Inehaling  thoas
datu recintly obtuined with thes highly suevesstal
Lunar Orbiters, Wa sacall how the erlteria of
stavothness uid hardoow i the oie of the
Muoon coild bo oureeluted, av n fiest approxie
matlon, with the aren wnder the normalizad
photometeie surve and the midulght tmperae
ture, renpiactively, Wa submit wow thas naone
rate medsuremants of the optioal reflentiong
and thernialdnteaved amisslon of the hinar sire
tace durlng » fill lusiaidion, and the computer
provesslng of thess data ln torme of the sbove
indioos, make (v passible to rate in o quantisa.
tve and objautive nimanit the ralative simooths
nein and harlnew of any number of potential
Tanding sltes approashing ln slan the risolution
of the viewing wyuteni, [n Basth-buiod Tunie
dbwisrvations, this rexolutlon eane be apprixle
fiintaly an flie in o kiloinater at uptkml‘ wHve.
longthe and ahout B to 10 thmen conrmer ué
lifearad wavelsigthe, _

This concapt i» Mlustonted b Agirs 11, The
ofdinite of thé chart, déslgnated an the “aptl.
eal Index,” veprdients the wién wivder ¢
norinalised photimetrde evieve and e o diféos
vilouwnrd of anioothiness ad aliows In figines 4

andl 4 Tha  almobin,  dosignated s the
“thavnildufencad fndex,” popiranantn the mid-
ilght tiiparatare wid v 0 divost mnasips of
lnriiens op beirling strength an slinwa In fgura
M The ot golnes b the ehinet popranilt
potatinl  landing  sliow of  kniown  ralona.
geaphifo voordinites wolieied ofthor al easglion
or frons Orbiter photographs,  Fap piipimes
of diweiiinlion, the dingram s arbitearily dividod
lito four quindeants niutbsemd from 1 to 4 and
lnboloed  us  wiftopmiggh,  softesinooth, tined.
sinth, aml lmed-pongh, eospoctively,  Soft.
raugh teglons aea nit lkely th exlst o the
Mann us they wanlil ba st elusely approkis
mated, b ane opinlon, by forest  tepethpm,
A surfaes of this taturs b likely to be npﬂauh,v
aid  tharmally  wiindusd  at  the  dingiiomtin
phase angles.  In other words, (6 will appeir
dark durlog ths duy when viewad in the spens
wlar diveetdon (Lo, agaliet the Sun) dand eold
af nlght,  Most Tonae areis, Including the
Sutveyor landig sites, ave lkely v orowd
aroind the eentor of the diagram, amd tha
aontalles woulid fall towarl tha outer edges,
Photomatele anomallon will oconipy the sxtrenie
onde of the enlinate, the guod (Le,, smonth)
anainalion filling I qundeants @ and 8, Ther-
tital anonlios will oecupy the extreme ends of
the wbueden, the good (Le, lnrd) anosinlies
falllng in quadrants 3 and 4, Consaquantly,
quadeant 3 will be the lonius of the best ansine
alles from the paint of view of Ianding-site
solaction,  Theae are tha arens that are optically
énhanced during the day and theimally ene
hanoad during the night,

The elassifieation ind pairing of aptioal and
thermal anommlies naad not ho mited o o fow
atens of jnteroat, such as those woleriad from
Obiter photograpli,  In getdral, dlagnostie
indioan (sieh us thi conedinates of g, 11) viaka
It pownlbla to nda the conyhiter In procesing s
viint nunihide of dide polints, wherd ench polnt
sould repraneist ait eloment of resolution, Tt
slionld b6 cantloned that thewe budiees «fé
racsly uiambiguons,  Howévef, thele uses in
computer pivoesslog can he Justifiad a u iidaiie
of diveoveilng futher than Ulentifying the
aomallés, Nuiilerons poteitial landiug sites
oF prime targats of exphirailion that winy not
hié otheiwieg discaversd conhd bié lieatad i thie
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"Boat" funar anomilies (In terms of lantling

suitability) will fall in this quadrant

~ (Dust “Bowls)

(@) Boft & Smooth o

4@ vard & smooth
LA (Pumioe Flate)

Soft & Rough
(Forest Treetops)

Optical index, (area under photometric curve)
Increasing Smoothness ——e

7) Hard & Rough
O (Lava Fiel{la) )
+

+

+ .. | |

e

Thormal=IR Intlox (midnight temperature)

Inorensing Hapdnoss e———

Fiotik 11.—Ndsting of Jusior phitomottle and thermal dndsialios it totriwe of cofrefnted terkaln wnidothness arid
liardtitan, Craises reprident inveatigated aroan doflintd by thele selinologlenl caordingtes.

waniier, Identiflvation could then follow, the
provews baghining with an examination of the
siost peonaniine®d asionalies,  Thin peocess will
involve o detalled dialysin of the shape wad
tocul peviiaiitton of individual tersjioral cuives,
Aw proviously disousisd, this analgsis could

dissitiniigle the eoniteibiitions uf inleforovghiioss

and windroroughiiiess to the photometsle filie-
tlon und  the contribution of gevinetricat,
sriiotueal, wnd  geotheriital factors to  the
radiomatele (unctioin,  This step coulil also b,
antodilated but ouly up to o cortobi polnt
beyond wiili the interretei shiould oxeivise
his Judgiiieit.
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A CASE POR EARTH.BASED
OBSERVATION OF THE MOON

Tliere in etirrontly o Justifiod optimism on the
luir linding phase of the Apollo mission be-
catise of the remarkable suceess of the Stirveyor
and Orbiter milssions, Howover, theso sue-
eozses should not obsenre the fact that Barthe
based abservations of the Moon can fill cortain
spovifie gaps in our Knowledge that were ot
nieant {o b exploved by these probes,  Prap-
ertios of the lunar surfuce that e bo correlitid
with tomporal observations are examples of
such gapr.  While temporal data on the Moon
tan be extracted from thernial medsuremenis
utid sequontial photographis taken by Surveyor
ctalt, such data are limited to the landing sites
and ean, at best, bo used as culibvation points
for remote, synoptic obssevations, Orbiter
photogeaphis are synoptic in voverage but are
presently limited in their specteal and temporal
ranges, Earth-bused observations of the ap-
patent lunar disk can extend thess panges,
although at some loss i spatial resolution.
Howsver, the potential of extracting informa-
tion oii surfice porasity, subresolution topo-
graphic roughness, beating steength, internal
heat sourees, und material composition will
thore than compensate, in our opinion, the foss
in resolutio,

Tronically, the advent of lunar exploration by
manned and nnmtanned probes s ond reasot
siich extersive observations of the Moon have
not boet nude. An equally important season
is that the quantity and quality of the datu
needed (o justify new observations imposs
sovero broblems in instruntentation and data
processing.  For instance, photometre obser-
vatlons are fraught with diffoulties of light
calibration and  flm  processing  wheit  the
phiotographie mothod b wsed. More acouriste
data can b seoured by usiiig photocdlls but
af u sitefiflcs in the quantity aid Fesolution of
the duta. However, receitt advitices i inage
tub technology aind digital duts processing
make it possible to chast the photometry,
polavimetey, aiid spoetrdl efloctance of the
appareit dustar disk at o résolution upproaching
that of canventiinal I af photographs dnd
_ with u gray tone und color fidefity suberior to

that of these photographd, As {o the ti.ermale
infraved omission of the lunar suefave, its
measuretont during tho lunie night hias bosn
hatupered by the Hmitation of existing sensom
to detect tomporitures lowoer than about
100° K. Howeter, progress in this aréa has
beon raported by Low (ref. 7), who developed a
heliumecooltd germanivim bolontetor capable of
méasuring these tomperatures,

These advances in sonsor technology and the
availability of ground truth information seeured
by the Sueveyor and Orbiter probes offer thio
opportiinity to vetify and refine luboratory-
inspired techniques of interpreiiiig lunar pic-
torial, spectral, and temiporal data.
in remwte sensing, us in other fickds of scidics,
will conie through contindous fesdbuck be-
tweon . observation and theory. There are
cuprent reasons why the study of the Moon should
bo a first step in this particular exercise. The
Moon is & more convenient target for temporal
observations than is any other object it the
sky by virtue of its proximity to and phase
relationship with the Earth, Furthetniore,
the analysis of its optical reflection and thermal-
infrared emission i3 not complicated by con-
veetive sit cutrents, ground moisture, and &
vepotation or cloud cover, us is usually the
case for the Barth and possibly for most other
planets, As a proviiig ground for the subse-
quent explorition of the planets by ramote
mieans, the Moon offers many advantages for
doveloping tochniques ¢ data collection aud
interprétation. Certainfy there is fio valid
reason for doing any observation iu space that
cait be accomplished adequately oi the ground.

CONCLUSIONS

We have defined “temporal dats” as the
repstitive, sequantinl mensuremont of alsvtio-
iaghotle tadiation froin o planotay surfuce
dusing o perisdiv eyele and found that these
datn can be cosrélatod with terkain propertios
that eatinot bo Feadily fisfoired front pletorial oi
spsotral data,

Intoritation on urreslved steuotuse is the
fitust itipodtant payoll resaltiug fr teipoial
duty ut ontleal wavelengths, Tt can now be

renirtad thidd hath iilesoatntreiga weid awinagc . . ..
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structures boyond the resolution of the viewing
systom are iniportant contributions to the
standard lunar photometrle funetion and that
they can bo diseriminated by pliotometrie
woans,  Exporiments elearly show that the twe
seales of roughness peetiirh the leading cdge
(Lv., opposition region) awl the tail end of the
photometric curvo indepaidently of each other.
They alsv suggest that ingprovement in spatial
resolittion cotild lead to the discovery of hmar
photometrio anomulies wid to o thematic map-
ping of the luir surface it terms of its micrae
structure and topographic foughness,

The percetit polatization-vomsus-time cupve
at visible wavelengths appears also to be a
funiotion of structure, whether the surface is
vegotative or mineral, but it i3 much less
uniderstood.

Tentporal dats on thermal infrared emission
during o heating and cooling cycle appear to be
very rewanding but more difficult to measure
and interpret. In the casé of the Mooy, it is
well roco nized that a nutitber of factors, such
as surface roughness, degroe of consvlidation
(e, bearig strength), and internal heat
sotirees, could contribute to and hence obsoure
the meating of thess duta. However, our anal-
ysis shows that nighttime thermal emissions
are less ambiguous (although niore difficult to
mensure) than those daring an eclipss. When
nighttimé temperatiires aré supplomenied by
daytinio data, it appears theoretically possible
to disentangtle the contribution of the relevant
fuctors, These possibilities sugrest that aceu-
fate moasurenisiits and proper analysis of the
thermal infraved emission u} the lunar surface
durlibig o complete day-and-night eyele could
lsad to the discovery of suitable landing sites
and geothermal lieat soutdes.

Ona last point should be expluived regarding
the loflatics of aoquiriug temporal data,
partieularly from an Otbiter. Teitporal obser-
vations in tha flald nesd not consist, us we have
tavitly dinplied throughout this repost, of
repatitive feasuieinents fimde ot felatively
closs inteivals of tiing, such s those made in
the laboratory. Muodelanatehing studies ii-
dicite that a considefible savhig in the quantity
of dute could be ueconiplished, without ag-

il loss of infosiiation by Baiditne the

field ovservations to u few specific Sun and
viewing angles. For instance, the eritieal
diagostic moments duting photometris ob-
servations oevur at sblique viewing (say, at 00°
off the local vertical) when the Sun is (1) in
opposition, (2) a few degress past opposition in
the direction of the local vertical, and (3)
in the speculur direction. A fourth inter-
medinté point at high noou is desirable but is
not necessary. The ratio of the brightuess at
points (1) and (2) is a medsure of textural
cemplexity or surfucs porosity, (Large featutes
as sich have no éffect on this ratio wnless, of
courde, their microstructure differs from that of
their surroundings.) The ratio of points (1)
and (3) is a sousitive clue to macrostiucturs or
topographic roughness.  Similarly, at far-ia-
frared wavelengths, the critical measuremeits
are those made at high noon and inidnight.
While midnight temperatures are sufficient to
reveal thermiul anomialies, datn on albedo,
emissivity, and noon températures are necessary
to identify the aronuly iu terhis of geophysicul
and geothermal factors. Thess considerations
suggest a polar, Sun-sytichronous orbit afound
the Moon as the ntost svitable for infrared
observations. The complete lunation ourve
sétves only to rofine these estimates and provide
additional olues to surface structure when tiie
viswing is at oblique angles.

The usefulness of temporal data coupled with
revent advaiices in sensor and eomputer tech-
nologies justify, in our opinion, renewed
telescopio observations of the Mool as a source
of information for lunar mission plaming and
possibly as o prelude to similar teasuroments
fiom space.

- aes [}
. Ab
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